Macroscopic properties of CrOCN thin films are related directly to composition and property variations on multiple length scales. Compositions resolved on a nanometer scale were measured in-depth in 120 -150 nm thick CrOCN films by sputtered neutral mass spectroscopy. A statistical analysis of composition identifies the particular coordinations of the various anions with Cr that form preferentially under relevant processing conditions. Near-edge structure in electron energy loss from transmission electron microscopy and the Cr core level shift in X-ray photoemission spectroscopy further support this conclusion. A wide range of compositions are described in terms of mixtures of binary and ternary compounds, and optical absorption is found to be correlated with the presence of Cr 4؉ within this description. It appears that the presence of the unfilled t2g state is responsible for optical absorption in the range of 0.5-6 eV and that a critical concentration of Cr 4؉ in certain species within the system is required for the transition to occur. These results conflict with the suggestion that a percolated network of metallic clusters is responsible for the change in properties.
I. Introduction
M ANY advanced materials applications involve structure or composition variations on the nanometer length scale. Examples include semiconductor heterostructures, quantum dot arrays, and nanoclusters. Photomasks for optical lithography in semiconductor device manufacture are one such application which is of cutting edge technological interest. The latest photomask technology requires the precise control of properties such as optical transmission, reflectance, and chemical reactivity. A mask film composed of a series of nanometer-scale metal and oxide layers deposited on a transparent substrate will have resultant macroscopic optical properties that are a compromise between the extremes of metal and insulator optical properties. The composition and/or thickness of the various layers are varied to control the optical properties. For a given metal/oxide system, the number of possibilities for macroscopic optical constants scales inversely with the thickness of the metal/oxide layers. Therefore, a continuous gradation of composition from metal to oxide on an angstrom scale would allow the most latitude in film optical properties. This has been previously demonstrated in the CrOCN system. 1, 2 While tuning parameters in the deposition process to achieve desired macroscopic optical properties has produced successful commercial-grade CrOCN films, the contributions to macroscopic behavior of nanometer and atomic scale composition/ property variations are not understood. The goal of the present study is to elucidate these contributions by determining the relationships between the optical and chemical properties on multiple length scales. In order to do this, coordinated measurements are taken of both optical and chemical properties with suitable spatial localization. A number of analytical tools are applied in order to make such correlations. The techniques employed extract compositional and optical information on the three length scales that define the problem: the 100 -200 nm thickness of the composite film, the 10 -20 nm widths over which deposition-controlled composition variations occur, and the ϳ1 nm atomic configurations ultimately responsible for all film properties. Sputtered neutral mass spectroscopy (SNMS) is used to determine composition on the nanometer scale as well as film thickness. Statistical modeling of composition variations is used to deduce atomic coordination. The electronic structure resulting from these coordinations is verified by spatially localized (nanometer scale) electron energy loss spectroscopy (EELS) in transmission electron microscopy (TEM) and by X-ray photoelectron spectroscopy (XPS). Macroscopic film optical properties as well as optical properties on the nanometer scale are extracted through variable-angle spectroscopic ellipsometry (VASE). The combination of results allows a description of properties based on behavior at all three length scales.
II. Experimental Procedure
The CrOCN thin films are deposited using reactive magnetron sputtering onto fused silica substrates. Cr targets are sputtered in the presence of N, O 2 , CO 2 , CH 4 , and Ar at a total pressure on the order of 10 Ϫ3 torr. The gas composition and cathode power are varied to produce the desired composition gradients in the film. The processing of these films is well documented 3 and not within the scope of the present paper. 4 Three CrOCN films in which composition gradients result in a 180°phase shift and controlled transmission of 248, 365, and 436 nm incident light are the subject of this study. 3 The sample films are referred to by their operating wavelength (i.e., the film used to shift and attenuate 248 nm light is referred to as a "248 nm film").
Composition profiles were determined by SNMS. Incident Kr atoms with an energy of 2 keV impacted samples at a glancing angle of 60°with respect to the surface normal. The incident beam was approximately 0.5 mm in width (the limit of spatial resolution) and yielded average sample sputtering rates of approximately 0.05 nm/s. The apparatus 5 has a mass resolution of approximately 1 amu; 2 cm ϫ 2 cm samples were sectioned from 12.5 cm ϫ 12.5 cm plates and cleaned sequentially with liberal amounts of acetone and ethanol and subjected to ultrasonic cleaning.
Two approaches were taken to relate changes in local bonding to composition. XPS sputter profiles were compared with EELS from scanning transmission electron microscopy (STEM). Both techniques provide information about local electronic structure with spatial resolution sufficiently small to be localized to the approximately 30 nm thick regions of constant composition at the top and bottom of the films. XPS was carried out in a PHI 600 ESCA lab system with a sputter rate of 20 A/min. Since Auger electron spectroscopy and SNMS verified the presence of 2-5 nm of surface contamination, binding energies were not acquired before the carbon peak attained the bulk value. The Cr 2p binding energies are associated with the energies of the p orbitals and consequently are sensitive to local coordination. In general, sputtering data from oxide crystals can be ambiguous because the process often induces oxygen loss and reduction in these systems. However, Cr 2 O 3 has been shown to be stable with respect to sputtering. 6 EELS was carried out with a VG HB501 UX dedicated STEM equipped with a cold field emission source and parallel electron energy loss spectrometer (Gatan 666 PEELS). The beam current was in the range of 300 nA with a corresponding beam diameter of 1 nm, but sample charging caused some drift so the spatial resolution of the measurements is considered to be in the 3-4 nm range. TEM foils were made by gluing two films together, embedding them in alumina, sectioning them into 3 mm disks, dimpling and Ar ion milling.
Optical properties were measured with variable angle spectral ellipsometry (VASE) as described in detail in the Ref. 2 . In VASE collimated and polarized monochromatic light beams of different wavelength are sequentially incident with various orientations with respect to the sample surface. Only front side ellipsometry was performed. This technique requires the back side of the quartz substrate to be mechanically roughened, to eliminate internal reflection effects (due to the otherwise smooth and reflective surface). The reflected beams (one for each incident beam orientation or "angle") are collected and their polarization is determined using a second polarizer. This allows the calculation of , the ratio of the complex Fresnel reflection coefficients which can be used to determine the optical properties of the sample through computational modeling of the experiment. Again, 2 cm ϫ 2 cm samples were sectioned from 12.5 cm ϫ 12.5 cm plates and cleaned sequentially with liberal amounts of acetone and ethanol and subjected to ultrasonic cleaning. Ellipsometric data were then collected for each sample at glancing angles of 60°, 70°, and 80°f or incident light beams with energies ranging from 1.5 to 6.6 eV in steps of 0.1 eV. The indices of refraction and extinction coefficients are determined from fitting an optical model ¶ of these films to these data. The model utilized information about physical features of the films (such as film thickness and the thickness and position of region of stable film chemistry) known from analysis of the SNMS results.
III. Results and Discussion
The composition profiles determined from SNMS are displayed in Fig results also confirm the composition and illustrate how the gradient relates to parameters in the deposition process. Note that the "top" ϳ30 nm and the "bottom" ϳ30 -50 nm regions (the boxed regions in the figure) are of relatively constant composition. Further, the "top" of each film is relatively high in oxygen content, while the film "bottoms" are relatively deficient in oxygen. The bottom region of each film also has a greater nitrogen content than the corresponding top region. There is a transition region that varies in thickness from 20 to 30 nm. The width of the "top" film region varies from ϳ20 nm for the 365 nm film to ϳ50 nm for the 488 nm film. Though the thickness of the transition region is similar for each film, there is considerable variation in the "bottom" layer. These thickness measurements are used in the determination of optical properties described below.
The compositions are related to atomic coordination with the statistical approach described in the Appendix. The results are compared to the bonding configurations found in binary chrome oxides. The bonding configuration of the film with [O] ϭ 0.56 corresponds well to that of Cr 2 O 3 (a ϭ 1.5). As the analysis is unbiased in favor of this coordination, this result indicates that Cr 2 O 3 is a major constituent in this film. In films with lower oxygen content, the coordination of the model binary oxide is less than 1. 
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Another important result is that composition ratios for the binary nitrides in Table I cannot be explained in terms of combinations of stable binary compounds. This is best illustrated by example. If the composition with coordination a ϭ 1, b ϭ 5.3 (248 nm film bottom) is represented by binary compounds, then these must be of the form Cr x O x and Cr y N 5.3y . In the simplest case, x ϭ y ϭ 1 and Cr must have a valence of ϩ2 in coordination with oxygen and ϩ15.9 in coordination with N, respectively. This is obviously unreasonable. Note that in all compositions the nitride is stiochiometric or metal deficient (b Ն 1) and the oxide is metal rich (a Յ 1.5). Therefore, if reasonable valence states of Cr hold, then the chemical basis set needs to be expanded beyond the chrome binary restriction in Eq. (A-1).
The compositions can be accounted for by adding a Cr x O y N z ternary compound to the description. Note that the analysis of the composition data in terms of binary compounds clearly indicates the presence of Cr 2 O 3 at compositions with high [O] (Table I) , which is confirmed by XPS reported elsewhere. 8 Therefore, Cr 2 O 3 is a major constituent in these films. Also, Cr bonds octahedrally to anions in all stable compounds. Consequently, Cr-anion bonding can be expected to be octahedral in these materials. Further, both the O 2Ϫ and N 3Ϫ ions have similar valence and similar size (ionic radii of 1.3 and 1.7 Å, respectively). These observations suggest that the ternary compound can be viewed as Cr 2 O 3 with substantial N substitution for O. The presence of a Cr 2 O x N (3Ϫx) bonding configuration is also consistent with the property variation since N substitution for O will alter the local electronic structure.
In the spirit of Zacharisen's description of simple oxide glasses, CrOCN amorphous compounds are described as linked polyhedra. In all except a couple of very unstable complexes Cr is octahedrally coordinated in crystalline compounds and in organic and inorganic complexes. Therefore, the description employed maintains that each Cr atom has an octahedral coordination in these films. In Cr 2 III O 3 the O is tetrahedrally coordinated, and in Cr IV O 2 it is trigonally coordinated. Balancing electrostatic bond strength with anion charge 9 in Cr 2 III O 3 around the octahedron shown in Fig.  2(a) gives an oxygen coordination of 4. If one O were replaced by N producing Cr 2 O 2 N, Fig. 2(b) , the coordinations of both O and N would be 4. In this case the Cr oxidation state is 3.5, which indicates disproportionation into Cr 3ϩ and Cr 4ϩ . Replacing two of the O by N to form Cr 2 IV ON 2 gives the octahedron shown in Fig.  2(c) and the electrostatic bond strength calculation yields tetrahedrally coordinated O and trigonally coordinated N with Cr in the 4ϩ oxidation state. The anion coordinations can be satisfied by a combination of edge and corner sharing in a structure that exhibits no long-range order.
These bonding configurations should be manifest in the electronic structure of the films as measured by EELS and STEM. Figure 3 shows a dark-field TEM image of the cross section of an optical film. Photoemission spectra were acquired at sputter times that correspond to the positions numbered 2 and 4, the bottom and top of the film, respectively. Figure 4 shows the Cr 2p binding energies; the 2p 3/ 2 peak occurs approximately 1.25 eV lower for the bottom film region than it does for the surface. The bottom region has anion/cation coordinations of a ϭ 0.50 and b ϭ 2.58, while at the top of the film a ϭ 1.33 and b ϭ 1.01. That the higher N coordination produces a lower Cr 2p binding energy is consistent with a local coordination change causing a change in Cr valence. Compare the energies in Fig. 4 with those for 2p 3/ 2 binding energies for Cr metal, CrIVO 2 , and Cr 2 III O 3 , which are 574.4, 576.1, and 576.6 eV, respectively.
10 If, instead, discrete CrN or Cr metal were present, the peak would broaden and eventually develop a shoulder centered at 575 eV.
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A comparison of the energy loss at the O K edge measured in STEM at positions 1 and 5 is shown in Fig. 5(a) for a similar film. As is usual with transition-metal oxides the O K edge, which is associated with a 1s-to-2p transition, has two distinct peaks. 12, 13 The initial peak at 531 eV and one centered at about 542 eV are ascribed to hybridization of O 2p with empty Cr 3d orbitals. The broad peak above 560 eV is related to O 2p metal, 4sp hybridization. 14 The data in Fig. 5(a) have not been corrected for multiple scattering or thickness variation, so while relative peak energies can be compared, peak intensities cannot. No shift in the O K edge occurs to within the accuracy of the measurement. The primary difference between the low (top) and high (bottom) N content regions is peak broadening in the former and an additional peak in the latter. It can be speculated that the broadening is associated with a dispersion in O-O bond lengths.
Comparison of the Cr L2, L3 edges yields a more quantitative result. The spectra shown in Fig. 5(b) are corrected for multiple scattering. Both the O contribution to the Cr edge and the free electron continuum were subtracted. The procedure is discussed in detail in Refs. 15-18. The resulting white lines are associated with the density of states of the empty d bands. The relative differences in the peak intensity ratios (L3/L2) and the sum of these intensities to that of the background ((L2 ϩ L3)/continuum) are well outside any error in background subtraction procedures. The L3/L2 ratio increases with electron occupancy of d orbitals, while the white line/continuum ratio decreases with electron occupancy. 19 The data are summarized as follows:
For a ϭ 0.50 and b ϭ 2.58, L3/L2 ϭ 2, and (L2 ϩ L3)/ continuum ϭ 1.
For a ϭ 1.33 and b ϭ 1.01, L3/L2 ϭ 3, and (L2 ϩ L3)/ continuum ϭ 0.5.
The oxygen-rich composition (a ϭ 1.33) has larger L3/L2 and lower (L2 ϩ L3)/continuum, indicative of higher electron occupancy of d orbitals. This is again consistent with N replacement of O in Cr coordination.
The relation of local composition to local optical properties is determined using the data discussed above and ellipsometric measurements. Figures 6 and 7 compare the concentration and anion:cation dependencies of extinction coefficient (k) determined from optical models of ellipsometry data. The extinction coefficient is proportional to the optical absorption, ␣, for a particular wave length of incident radiation (␣ ϭ 2k/). As expected, there is a decrease in k at 3.4 eV with increasing oxygen content and concomitant decreasing nitrogen content. There is not a good correlation with Cr content, in that of the three compositions with Ͼ45% Cr only two exhibit large Table II , it is clear that as the amount of Cr 3ϩ in the ternary compound decreases from 100% to 50% there is no significant difference in the extinction coefficient. Large absorption does occur, however, when all of the Cr in the complex is in the 4ϩ state. This is consistent with the fact that ϩ4 Cr in crystalline solids, exemplified by CrO 2 , are metallic.
In the ligand field description of octahedral coordination of transition metals the d orbitals split into three lower lying degenerate t 2g orbitals, and two upper lying degenerate e g orbitals, as illustrated in the schematic molecular orbital diagram of Fig. 8 . If Cr has a formal charge of 3ϩ, the three lower orbitals are filled with one electron each, leaving a gap to the unoccupied e g orbitals. For Cr 4ϩ only two of the t 2g orbitals contain electrons; the third is no longer degenerate and must be at a higher energy (Fig. 8) . There is some discrepancy between spin resolved photoemission results and band structure calculations as to whether the widths of the bands resulting from these d orbitals are sufficiently wide for overlap at the Fermi energy leading to conductivity, or whether there is a completely unoccupied gap between them. Recent calculations suggest that spin coupling leads to hybridization of the distorted orbitals allowing a finite density of states at the Fermi energy. 20 Ultraviolet photoemission spectroscopy 21 indicates that for Cr IV O 2 the top of the O 2p orbital is 2-2.5 eV below the top of the filled t 2g . The filled t 2g is 1.6 eV wide and is 2.2 eV from the unoccupied t 2g in agreement with earlier optical studies 12 to within 10% in energy. Replacing some of the oxygen by nitrogen will further distort the crystal field. For the compound depicted in Fig. 2(c) two oxygen atoms remain at opposite apices of the octahedron to maximize the distance between them. The field strength will be larger and distortion will occur along the z-axis, thereby eliminating the energy difference of the orbitals. This is illustrated in Fig. 8 . An O 2p to unfilled t 2g transition would have an energy in the range 3.1 to 4.7 eV for the Cr 4ϩ octahedra and that of the Cr 2 O 3 bandgap, 4.8 eV, for Cr 3ϩ when coordinated with O. The O 2p to t 2g transition in the ternary compound will occur at a somewhat higher energy if the field distortion separates the p and d orbitals. These transitions are expected to dominate the optical properties of these materials since free carrier absorption and transitions between d orbitals (allowed because the symmetry is broken) will be Յ1 eV 12 and have lower intensity. The preceding discussion could have been equally well carried out in the context of band theory instead of crystal field theory, leading to the same conclusions. Figure 9 shows the spectrally resolved optical constants for the top and bottom regions of each film obtained by modeling the ellipsometry data. A sharp absorption peak occurs around 5.00, 4.75, and 5.5 eV in the spectra of the bottom material for the 488, 365, and 248 nm films, respectively. The background absorption and peak edges are not as sharp as in crystalline solids because the films are amorphous. The bottom regions of each film have O:Cr coordinations of 1.00 or less and therefore contain the least amount of Cr(III) (see Fig. 2 ). The edge of this absorption peak is less sharp and occurs at higher energies for the film top regions, 6.5, 5.75, and 6.1 eV. Several of these compositions also exhibit evidence of shoulders around 4 eV. These regions have higher O:Cr coordinations than the film bottoms and so contain more Cr(III). Since the sharpest 5 eV absorption edge appears to occur in portions of the films that contain Cr 2 ON 2 and the energy is in the correct range, it appears that this absorption represents the O 2p to unfilled t 2g transition. The shift toward higher energy with increasing oxygen could be a contribution of the Cr 3ϩ octahedra. Therefore, the details of the optical spectra, as well as the compositional analysis, support the view that anion substitution can be used to systematically control the optical absorption.
The reasons for neglecting CrN and CrC binary compounds in this discussion are as follows. While chromium also adopts a formal 3ϩ valence in CrN and has a finite density of states at the Fermi level, the measured absorption does not correlate with the presence or content of CrN. If present, the amount of CrN is sufficiently low to prevent the realization of the metallic electronic structure of the compound in the films. This is consistent with our composition data in that there would be very little of the N left for forming CrN if 50% or more of it were consumed in a ternary compound. The argument for CrC binary compounds is similar in that film optical properties are unrelated to [C] . There is, however, carbon excess in the binary compounds that best describe all compositions. This leads to our hypothesis of the presence of a Cr-doped C impurity. Since the bonding of C varies from metallic to insulating, the C contribution to the optical properties cannot realistically be accessed; however, as the amount of C is usually less than 5 at.%, its presence should not dominate properties.
IV. Conclusions
A statistical approach to composition analysis has identified anion:cation ratios that occur in reactive sputtered CrOCN thin films. A wide range of overall compositions is achieved through the formation of ternary compounds in combination with binary compounds. A correlation of optical absorption was found for O:Cr and N:Cr ratios. Evidence for the relation of optical properties to the ternary compound comes from the energy of peaks in optical absorption, the Cr 2p core level shift in XPS, and L3/L2 white line ratios in EELS. An optical absorption at about 5 eV is most sharp when the amount of Cr associated with O containing binary or ternary compounds of our description goes to 0. In particular it appears that the presence of the unfilled t 2g state is responsible for optical absorption and that a critical concentration above 50% is required. The evidence is incompatible with a percolated network of metallic clusters that is responsible for the change in properties.
The determination of parameters at all three length scales (100 -200 nm film thickness, 10 -20 nm composition variation and atomic coordination) have been linked in a comprehensive explanation of film chemical and optical properties. Implications here are general and the approach can be used to develop new combinations of chemistry and geometries for arbitrary requirements in optical properties.
Appendix

Analytical Approach
The goal of the statistical analysis of the composition variation in the films is to determine the preference for specific coordination with Cr. Film composition at any point is described according to the following relation:
where a, b, and c represent the anion coordination to Cr and X, Y, and Z the relative amount of binary oxide, nitride, and carbide, respectively. Since all compositions contain excess anions, it might be assumed that metallic Cr does not exist in the films. It will be shown in later sections, however, that the presence of chrome metal is likely in certain compositions. These results also show that C is present as an impurity in that [C] shows no detectable affect on film properties and the amount of this species in most compositions of CrOCN is small relative to the other species. Then, the binary chrome carbide species in Eq. (A-1) can be considered to account for any metallic chrome in the system. Some useful relationships between these variables and quantities obtained from SNMS data include the following:
where brackets indicate the concentration in atomic fraction. It is assumed that oxygen has first preference in satisfying bonding with Cr when all three anions are present. Earlier studies 2 of reactive magnetron sputtering of films with binary (CrX y , where X ϭ O, N, or C) compositions showed empirically that of the anions in this study O has the highest reactivity with Cr (see Ref. 22) . Cr was completely oxidized with a minimal amount of O in the reaction stream, whereas higher concentrations of C or N were required to form nitrides and carbides. This result is consistent with the fact that the binding energies of the chrome oxides are much higher than those for chrome carbides and nitrides. In the statistical analysis, the O:Cr coordination a is allowed to take on all values between 0.01 and 10 that are integer multiples of 0.01. These values are chosen so that coordinations corresponding to the common chromium oxides are included, as well as some that do not exist in nature. Encompassing unexpected oxide coordinations is deliberate; it allows our model to test the assumption that local bonding in the films approximates the bonding in crystalline solids. The N:Cr and C:Cr ratios are allowed to vary continuously between 0.01 and 10 in order to encompass all anion:Cr coordinations for binary carbides and nitrides.
Local composition is extracted from the SNMS profile in the regions of relatively stable composition. Each region is represented by a data set, which includes 10 -50 composition measurements. For example, composition measurements in the surface left box in Fig. 1(a) are used to characterize the deposition under the conditions necessary to make that particular layer (0.85 kW and 7, 24, and 3.75 sccm for O 2 , N 2 , and CH 4 flow rates, respectively). For each composition measurement in a set, b and c are adjusted continuously for each of the O:Cr ratios, a, in order to minimize the fit parameter:
Statistical analysis of the results of fitting all points yields a best fit a, b, and c for the data set. The oxygen coordination that is the best fit for the majority of the data points is then considered the best fit 'a' for the data set. The best fit 'b' and 'c', nitrogen and carbon coordinations, respectively, are the averages of those corresponding to the best fit oxygen coordination. The standard deviation of each fit coordination distribution provides a measure of the total error of this process, including the experimental error in the SNMS data and the actual composition variation within the relatively stable composition region that each data set represents.
Statistical analysis of the results of fitting all points yields a best fit a, b, and c for the data set. The oxygen coordination that is the best fit for the majority of the data points is then considered the best fit a for the data set. The best fit b and c, nitrogen and carbon coordinations, respectively, are the averages of those corresponding to the best fit oxygen coordination. The standard deviation of each fit coordination distribution provides a measure of the total error of this process, including the experimental error in the SNMS data and the actual composition variation within the relatively stable composition region that each data set represents. Fig. 9 . Spectrally resolved optical constants that are spatially localized to 100 -500 nm in CrOCN thin films. As labeled in (a), the dotted curves represent the extinction coefficient k and the solid the index of refraction n: (a) 488 nm film, (b) 365 nm film, (c) 248 nm film.
